Resistance to imatinib represents an important scientific and clinical issue in chronic myelogenous leukemia. In the present study, the effects of the novel inhibitor SKI-606 on various models of resistance to imatinib were studied. SKI-606 proved to be an active inhibitor of Bcr-Abl in several chronic myelogenous leukemia cell lines and transfectants, with IC 50 values in the low nanomolar range, 1 to 2 logs lower than those obtained with imatinib. Cells expressing activated forms of KIT or platelet-derived growth factor receptor (PDGFR), two additional targets of imatinib, were unaffected by SKI-606, whereas activity was found against PIM2. SKI-606 retained activity in cells where resistance to imatinib was caused by BCR-ABL gene amplification and in three of four Bcr-Abl point mutants tested. In vivo experiments confirmed SKI-606 activity in models where resistance was not caused by mutations as well as in cells carrying the Y253F, E255K, and D276G mutations. Modeling considerations attribute the superior activity of SKI-606 to its ability to bind a conformation of Bcr-Abl different from imatinib. (Cancer Res 2006; 66(23): 11314-22) 
In vitro and In vivo Activity of SKI-606, a Novel Src-Abl Inhibitor, against Imatinib-Resistant Bcr-Abl + Neoplastic Cells
Introduction
The aberrantly activated tyrosine kinase Bcr-Abl, the product of the Philadelphia chromosome (Ph), is causally associated to the pathogenesis of chronic myelogenous leukemia (CML; ref. 1) . This finding provided the rationale for the clinical success of the Bcr-Abl tyrosine kinase inhibitor imatinib mesylate (STI571, Gleevec/ Glivec). Imatinib induces complete cytogenetic remissions (CCyR) with minimal toxicity in most patients with chronic-phase CML (2) (3) (4) . However, patients in more advanced phases of CML and the majority of patients with Ph + acute lymphoblastic leukemia (ALL) either fail to respond to imatinib or quickly relapse following an initial response (5) (6) (7) .
Resistance to imatinib (reviewed in ref. 8 ) is usually due to the overactivation of Bcr-Abl kinase activity that can be caused by the selection of cells harboring kinase point mutations of the BCR-ABL gene or presenting BCR-ABL gene amplification (9) (10) (11) . Mutations or gene amplifications are not always observed in resistant cases. Instead, other mechanisms, such as up-regulation of drug efflux transporter (12, 13) , down-regulation of influx pumps (14, 15) , increased activity of downstream effectors, such as the Src tyrosine kinases (16, 17) , and binding of imatinib by plasma or tissue proteins (18) , have been postulated as additional mechanisms of resistance.
To overcome resistance to imatinib, different strategies were developed, including dose escalation of imatinib or combination with conventional cytotoxic drugs, but their success is limited, especially against patients harboring Bcr-Abl point mutations. To improve Bcr-Abl inhibition, several inhibitors with higher potency compared with imatinib have been identified, including dasatinib (BMS-354825) and nilotinib (AMN107), which show clinical activity in patients resistant to imatinib (19) (20) (21) . Whereas nilotinib is derived from imatinib and binds to the same inactive conformation of Bcr-Abl (22) , dasatinib is a dual Src-Abl inhibitor, which was crystallized in complex with the active conformation of Abl (23) and was also shown to dock in different conformations of the enzyme (24) .
We describe here the in vitro and in vivo characterization of a new dual Src-Abl inhibitor, SKI-606 (25) , against several CML models of resistance to imatinib.
Materials and Methods
Chemical compounds and reagents. SKI-606 is a novel substituted 4-anilino-3-quinolinecarbonitrile (Fig. 6A) , with a molecular weight of 531 g/moL, and it was prepared as described (26) . For in vitro experiments, a stock solution of SKI-606 was prepared at 1 and 10 mmol/L in DMSO (Sigma Chemical Co., St. Louis, MO), filtered, and stored at À20jC. Preparations used for animal experiments were made at the indicated doses in 0.2 mL vehicle containing 0.5% methylcellulose and 0.4% polysorbate 80 (Tween 80, Sigma Chemical), and the solutions were mixed continuously at 4jC. Imatinib mesylate was provided by Novartis Pharmaceuticals (AG, Basel, Switzerland) and prepared as described previously (2) .
[g-
33
P]ATP was from Amersham Biosciences; R-angiotensin, RRRA-DDSDDDDD, RRKDLHDDEEDEAMSITA, and RRASVA were kindly provided by Dr. Oriano Marin (University of Padova, Padova, Italy).
Preparation of recombinant and native protein kinases. Human FLT-3 (amino acids 589-993, EntrezGene accession number NP_004110), ABL (amino acids 230-517, isoform a, NP_005148), and RET (amino acids 700-1,020, NP_066124) kinase domain cDNA sequences were cloned in pHisE baculovirus transfer vector (27) , in BamHI/SalI, KpnI/XbaI, and KpnI/SalI restriction sites, respectively. Anaplastic lymphoma kinase (ALK) sequence was cloned in pBlueBacHis2C vector (Invitrogen, Groningen, The Netherlands) as described (28) . The sequence of all inserts was verified by DNA sequencing. Recombinant proteins were expressed in Sf9 cells with an NH 2 -terminal hexahistidine tag to aid in purification, as described (27) . Briefly, proteins from total lysate were fractionated in a DEAE-Sepharose column and positive fractions were identified by anti-HisG Western blotting, loaded on a nickel-chelate affinity column, and eluted with imidazole. The initial anion-exchange step is required to achieve homogeneity in the final preparation.
The nonreceptor tyrosine kinases Lyn, Fgr, Syk, and COOH-terminal Src kinase (Csk) were purified from rat spleen to near homogeneity as described previously (28) . The serine-threonine protein kinases CK1 and CK2 were isolated from rat liver (29) and protein kinase A (PKA) was purchased from Sigma.
Radioactive kinase assay. Protein kinase assays were done in 30 AL of a medium containing 50 mmol/L Tris-HCl (pH 7.5), 5 mmol/L MnCl 2 (5 mmol/L MgCl 2 for c-Fgr, PKA, CK1, and CK2), 50 Amol/L [g- 33 P]ATP (specific activity, f1,000 cpm/pmol), 10 units of each enzyme, and the following kinase-specific peptide substrates (200 Amol/L): R-angiotensin (tyrosine kinases), RRRADDSDDDDD (CK2), RRKDLHDDEE-DEAMSITA (CK1), and RRASVA (PKA). The reactions were terminated after 10 minutes by spotting 25 AL of the incubation mixture onto P81 phosphocellulose paper, which was then processed as described elsewhere (30) . One unit was defined as the amount of enzyme, which transferred 1 pmol phosphate/min to either 0.1 mg/mL polyGlu/Tyr (tyrosine kinases) or casein (protein kinases CK1 and CK2) or histone IIA, under standard conditions.
Inhibitor specificity profiling. Radioactive kinase assays were done at room temperature in the presence of substrate peptides, [g- 33 P]ATP, and 0.1 Amol/L SKI-606, using recombinant kinases obtained from various expression systems. Procedures for purification and assay of 30 of the 52 kinases have been described (31, 32) . Kinase assays were done using ATP concentrations close to the K m value for each kinase. All protein kinases were grouped accordingly into three categories (i.e., 5, 20, and 50 Amol/L ATP).
Cell lines and cell culture. The leukemic Bcr-Abl + cell lines (KCL22, K562, KU812, and Lama84) and the neoplastic Bcr-Abl À U937 cells were described previously (33) . Ba/F3 cells expressing Tel-PDGFRh kinase were kindly supplied by Dr. M. Carrol (University of Pennsylvania, Philadelphia, PA) and cultured as described previously (34) . The human mast cell subline HMC-1
560
, harboring a point mutation in the juxtamembrane domain of c-KIT causing an amino acid substitution G560V, was isolated as described previously (35) and kindly supplied by Dr. G. Nilsson (Uppsala University, Uppsala, Sweden) with the permission of Dr. J. Butterfield (Mayo Clinic Rochester, Rochester, MN). The human gastrointestinal stromal tumor cell line, GIST882, expressing an activating c-KIT mutation (exon 13, K642E) was obtained from Dr. J. Fletcher (Massachusetts Institute of Technology Cancer Center, Cambridge, MA; ref. 36 ). All cell lines were grown in RPMI 1640 (BioWhittaker Europe, Verviers, Belgium), supplemented with 10% fetal bovine serum (FBS; or 15% FBS for GIST882 cell line), 2 mmol/L L-glutamine, 100 units/mL penicillin G, 80 Ag/mL gentamicin, and 20 mmol/L HEPES, in a humidified atmosphere at 37jC and 5% CO 2 . The imatinib-resistant cell lines K562R and KCL22R were derived as described previously for Lama84R (11) . Briefly, the imatinibsensitive cell lines were cultured initially in the presence of 0.05 Amol/L imatinib; the dose was subsequently increased by 0.1 Amol/L every 3 to 4 weeks (1 week for KCL22). After few months of culture, a K562 subline growing at 0.6 Amol/L imatinib and a KCL22 subline growing at 3 Amol/L imatinib were isolated and designated K562R and KCL22R, respectively. The resistant cell lines were maintained in culture in medium supplemented with 0.6 Amol/L (Lama84R and K562R) or 3 Amol/L (KCL22R) imatinib. Murine pro-B cell line Ba/F3 was maintained in RPMI 1640 with 10% FBS, plus Chinese hamster ovary-conditioned supernatant as a source of interleukin-3 (IL-3).
Site-directed mutagenesis and generation of Ba/F3 transfectants. Ba/F3 p210 cells were obtained by transfecting the IL-3-dependent murine hematopoietic Ba/F3 cell line with a pcDNA3 vector containing p210 Bcr-Abl cDNA (37) . The same plasmid was used as a template for the in vitro site-directed mutagenesis. Mutations D276G, Y253F, E255K, and T315I were generated with 'QuikChange XL Site-Directed Mutagenesis kit' (Stratagene, La Jolla, CA) following the standard protocol. For the stable transfection, 10 7 Ba/F3 cells were resuspended in 600 AL RPMI 1640, and 30 Ag linearized plasmid in PBS were added. Cells were incubated on ice for 2 minutes and then electroporated (270 V, 960 AF) using a GenePulser XCell (Bio-Rad, Hercules, CA). Cells were kept on ice for 2 minutes and then transferred in 20 mL RPMI 1640 with FBS (10%) and IL-3 at standard concentrations (38) . After 24 hours, 1 mg/mL G418 was added and the cells were cultured until day 14 when IL-3 was withdrawn. Cells were grown under selection with G418 for 4 weeks.
Proliferation assay. Serial dilutions of kinase inhibitors were prepared in cell culture medium in 96-well plates. Cells were then resuspended in complete medium and added to the plate at 10 4 per well. Cell proliferation was measured at 72 hours using the tritiated thymidine incorporation assay as described previously (2).
Immunoblotting. Ba/F3 p210 wild-type (WT) and mutants cells . Total protein content of the supernatants was measured by Bradford assay. Equal amounts (30 Ag) of total proteins were loaded on 7.5% SDS-PAGE, transferred to nitrocellulose membrane, and probed with antiphosphorylated tyrosine (4G10, Upstate Biotechnology, Lake Placid, NY) and anti-cAbl antibody (K-12, Santa Cruz Biotechnology, Santa Cruz, CA).
In vivo studies. Five-to 7-week-old female CD1 nu/nu mice were purchased from Charles River Breeding Laboratories (Calco, Italy) kept under standard laboratory conditions according to the guidelines of the National Cancer Institute (NCI; Milan, Italy). This study was approved by the institutional ethics committee for laboratory animals used in experimental research of the NCI. Human KU812 Bcr-Abl + cells were suspended at 50 million cells in 0.5 mL PBS and this cell suspension was injected s.c. in the left flank of each animal. Murine Ba/F3 pro-B cells expressing Bcr-Abl WT or imatinib-resistant point mutants (Y253F, E255K, D276G, and T315I) were suspended at 10 million cells in 0.4 mL PBS and injected s.c. to syngeneic nude mice. Tumor weight and body weight were monitored twice or thrice weekly. Tumor weight was calculated by the formula tumor weight
, where d and D are the shortest and longest diameters of the tumor, respectively, measured in millimeters. Tumor weight was calculated considering tumor-bearing animals only. SKI-606 was given by oral gavage from day after cell infusion, at 8 days after cell injection when tumors entered growth phase or at 15 days to mice bearing measurable tumors as described in the figure legends. Placebo-treated animals received the same regimen with vehicle alone (0.5% methylcellulose-0.4% Tween 80).
Statistical analysis. Statistical analysis of tumor weights was done by Student's t test using GraphPad software analysis program (Prism, San Diego, CA). For analysis of tumor-free survival, data were compared by the log-rank test (39) . Ps <0.05 were considered statistically significant and derived from two-sided statistical test.
Molecular modeling. SKI-606 was docked into the structure of c-Abl mouse (PDB entry: 1M52; ref. 40) in complex with PD173955 after removal of the inhibitor from the binding site. This specific conformation of Abl was chosen because of the fact that PD173955 is a dual Src-Abl inhibitor (41) as SKI-606 and that up to now neither a crystal structure of Abl complexed with a ligand scaffold more similar to SKI-606 nor an apo-structure is available. The docking was done using FlexX (42) with default variables. The binding site was defined by superimposing 1M52 onto 1IEP (c-abl mouse in complex with imatinib; ref. 40 ) taking into account all residues of 1M52 positioned 6.5 Å around imatinib of 1IEP. No further modifications to the active site were applied to accommodate SKI-606. The docking protocol was validated by reproducing the binding mode of PD173955 in the A-chain of the Abl crystal structure of 1M52 and the binding mode of imatinib in 1IEP. Thus, this docking protocol represents a fast and rather unbiased way to get a binding mode hypothesis. A subsequent minimization of the docked ligand and the active site 6 Å around the docking position did not lead to any major conformational changes.
Results
SKI-606 is a potent inhibitor of Src family kinases. SKI-606, originally identified as a Src tyrosine kinase inhibitor, was subsequently found to also inhibit Abl tyrosine kinase (25) . The ability of SKI-606 to prevent the kinase activation of selected tyrosine kinases was analyzed by testing in vitro the drug against various purified enzymes (Fig. 1A) . SKI-606 was a picomolar inhibitor of two Src-related kinases (i.e., Fgr and Lyn with IC 50 s of 0.174 and 0.850 nmol/L, respectively). It inhibits Abl kinase in a nanomolar range (IC 50 , 2.4 nmol/L), as reported previously (25) , and the Csk (IC 50 , 314 nmol/L), which acts as endogenous inhibitor of Src family protein tyrosine kinases. The other tyrosine kinases (Syk, ALK, RET, and Flt-3) and serine-threonine kinases (PKA, CK1, and CK2) tested were inhibited only at micromolar concentrations (Fig. 1A) . Data available from the literature on the inhibition of two of these kinases by dasatinib are also presented and show an activity similar to SKI-606 (43) . To further enlarge the kinase specificity profile of SKI-606, a panel of 52 purified proteins belonging to serine-threonine or tyrosine kinase classes was incubated with 0.1 Amol/L inhibitor, a concentration that causes 95% of Abl kinase activity inhibition. As reported in Fig. 1B , c-Srcand Src-related Lck were fully inhibited. The serine-threonine kinase PIM2 was substantially (75%) but not completely inhibited. In addition, the serine-threonine kinase checkpoint kinase 2 was partially (52%) inhibited, whereas Csk kinase showed 58% of inhibition in this type of experiment. Thus, SKI-606 is a potent inhibitor of Src family and Abl tyrosine kinases, with lower activity against few other serine-threonine/tyrosine kinases in the panel of kinases examined.
SKI-606 is a nanomolar inhibitor of imatinib-resistant cell lines. SKI-606 was reported previously to reduce proliferation and survival of KU812 and K562 Bcr-Abl + CML cell lines (25) . As indicated in Table 1 , when the antiproliferative effect of SKI-606 and imatinib was compared in several human CMLderived cell lines, SKI-606 was more active than imatinib. In fact, SKI-606 inhibited these cell lines with IC 50 values ranging from 1 to 20 nmol/L (Table 1 ) compared with 51 to 221 nmol/L for imatinib. These data agree with previously published results (33) . Subsequently, we evaluated SKI-606 against two additional targets of imatinib, PDGFR and KIT. In PDGFR-transformed murine Ba/F3 cells (Table 1) , a 50% inhibition was observed at 370 nmol/L SKI-606, 2 logs higher than imatinib (3 nmol/L). In addition, a mastocytosis HMC-1 560 cell line and a gastrointestinal stromal tumor GIST882 cell line harboring activating mutations of c-KIT [a G560V mutation in the juxtamembrane domain (35) and a K642E in the exon 13 of c-KIT (36) , respectively] were inhibited by SKI-606 only at micromolar concentrations, whereas imatinib IC 50 values ranged between 19 and 29.5 nmol/L (Table 1) . Data available from the literature show that dasatinib too is active against KIT and PDGFR, with IC 50 values of 7 and 50 nmol/L, respectively (44, 45) . These data indicated that SKI-606 was inactive or only weakly active against cells transformed by PDGFR and KIT, in contrast to imatinib and dasatinib.
The efficacy of SKI-606 was also tested against imatinib-resistant cell lines, such as Lama84R, KCL22R, and K562R human cell lines ( Table 1 ). The molecular mechanism of imatinib resistance of Lama84R cells is due to an amplification of Bcr-Abl fusion gene (11) , whereas the underlying mechanism of KCL22R and K562R resistance has not been defined. SKI-606 was more active than imatinib in reducing the proliferation rate of K562R (IC 50 , 28 versus 3,000 nmol/L), KCl22R (IC 50 , 150 versus 2,000 nmol/L), and Lama84R (IC 50 , 35 versus 700 nmol/L), respectively.
SKI-606 was also tested against murine pro-B Ba/F3 cells stably transformed by p210 Bcr-Abl WT or four imatinib-resistant point mutants (D276G, Y253F, E255K, and T315I; Fig. 2 ; Table 1 ). The compound inhibited the proliferation rate of WT, D276G, and Y253F transfectants in the low nanomolar range, having IC 50 values ranging from 13 to 40 nmol/L (Y253F). The D276G and Y253F transfectants behaved similarly to the WT transfectant ( Fig. 2A) , in contrast to the results obtained with imatinib (Fig. 2B) . In E255K transfectants, the IC 50 for SKI-606 was substantially higher (394 nmol/L) than in WT cells but lower than imatinib (3,174 nmol/L), whereas those observed for T315I transfectants were close to control cells. Whereas SKI-606 achieved 50% inhibition of the control Bcr-Abl À U937 cells at micromolar concentrations (3,500 nmol/L), the parental IL-3-dependent Ba/F3 cell line was inhibited with IC 50 of 570 nmol/L, suggesting that SKI-606 could interfere with IL-3 signaling. The inhibitory activity of SKI-606 and imatinib against WT BcrAbl and mutant kinases was also compared by immunoblotting analysis of total lysates derived from stable Ba/F3 transfectants, consistent with the antiproliferative activity of SKI-606 described above (Fig. 2C) . Phosphorylation of Y253F was diminished at lower concentrations than observed for WT Bcr-Abl, whereas phosphorylation of the E255K and D276G mutants exhibited sensitivity to SKI-606 that was similar to WT Bcr-Abl. In contrast, whereas phosphorylation of the T315I mutant was inhibited by SKI-606, one to two order of magnitude higher concentration of SKI-606 was required to do so compared with WT Bcr-Abl.
SKI-606 is active against human KU812 xenografts in nude mice. It was shown previously that SKI-606 given at 75 mg/kg twice daily or 150 mg/kg once daily promoted complete regression of human K562 xenografts for up to 40 days (25) . The in vivo efficacy of SKI-606 was tested in a KU812 human tumor xenograft model, in which we established previously the curative potential for imatinib (18) . Mice bearing measurable tumors were treated with SKI-606 8 or 15 days after leukemic cell injection. In the latter condition (treatment after 15 days), imatinib is unable to eradicate the disease, whereas treatment at day 8 results in f30% rate of relapse (18) . In both models, SKI-606 led to a complete eradication of the tumors and all animals remained tumor-free for up to day 210 (Fig. 3) .
Despite the therapeutic activity in this KU812 CML xenograft model, SKI-606 apparently produced a dose-and scheduledependent weight loss. The dose of 150 mg/kg given continuously once daily for 11 days resulted in the highest toxicity, causing 25% to 30% of maximum body weight loss (BWL). The dose of 75 mg/kg twice daily had an intermediate toxicity, causing 15% to 20% of maximum BWL. The 5-day weekly regimen was better tolerated causing only a 15% of maximum BWL (data not shown).
Similar toxicity was not observed with the K562 model reported earlier (25) , but these models differ from those earlier reported, and the mice used for the earlier study have a different genetic background. This likely represents a consequence of poorly understood host-tumor interactions in conjunction with aspects of inhibiting several Src family kinases in immunocompromised mice and are not good predictors of toxicity in humans.
SKI-606 is active against syngeneic Bcr-Abl WT and mutant Ba/F3 xenografts. In a syngeneic xenograft mouse model, pro-B murine Ba/F3 cells expressing p210 Bcr-Abl WT and three imatinib-resistant point mutants (Y253F, D276G, and T315I) were injected s.c. in nude mice. SKI-606 was given at 150 mg/kg once daily, 5 days weekly for a total of 11 days of treatment, starting when the tumors became measurable (tumor weight range, 131-375 mg). SKI-606-treated Bcr-Abl WT xenografts completely disappeared after the 1st week of treatment; however, two of four treated mice relapsed after a 14-day tumor-free window (Fig. 4A) . The maximal effect of SKI-606 in D276G Ba/F3 xenografts was reached at the end of the 2nd week of treatment (day 23; Fig. 4B ), when three of four mice had a complete tumor regression, but all subsequently relapsed. In Y253F xenografts (Fig. 4C) , a statistically significant tumor growth inhibition of control versus SKI-606-treated animals was observed on day 23 (Ps = 0.0028) and day 29 (P = 0.039). SKI-606 treatment of mice bearing T315I xenografts did not inhibit tumor growth (Fig. 4D) .
In other experiments, tumor-free survival and tumor growth were monitored in mice injected s.c. with Bcr-Abl + xenografts containing WT or mutant Bcr-Abl (E255K, Y253F, and D276G) and treated with SKI-606 1 day after tumor cell injection. The T315I mutant was excluded because of its high resistance to SKI-606 treatment in the previous experiments. Figure 5 shows that SKI-606 induced a statistically significant decrease in the rate of tumor growth and prolonged event-free survival of mice injected with Ba/ F3 Bcr-Abl WT or with 253, 255, or 276 mutants, as described in the figure legend.
Modeling considerations on the activity of SKI-606. SKI-606 was found to dock inside the intermediate (1M52) conformation of Abl [Fig. 6C , for a comparison on how the docking solution of SKI-606 compared with respect to cocrystallized ligand of 1M52 (PD179355); see Fig. 6B ], at difference with imatinib, which binds to the inactive conformation (1IEP) of Abl (40) . Attempts to dock the compound in 1IEP led to a binding mode at the surface of the protein, which was not considered to be meaningful and was therefore discarded. The same observation was made trying to dock SKI-606 in an active conformation (2F4J) of Abl (46) .
The activity of SKI-606 against the four Bcr-Abl point mutants analyzed can be rationalized as follows. The comparison of the docked solution of SKI-606 in 1M52 with the crystal structure of imatinib in 1IEP revealed that T315I is involved in direct electrostatic interactions with both SKI-606 (Fig. 6D) and imatinib. Therefore, a decrease in activity is expected for both molecules because of the steric hindrance caused by the bulky isoleucine as well as loss of the electrostatic interaction. Unlike T315, Y253 and E255, both located in the nucleotide binding loop, do not make any polar interaction with either SKI-606 or imatinib. However, the hydroxyl group of Y253 is involved in hydrogen bonding to N322, which stabilizes the conformation of the nucleotide binding loop in both inactive and intermediate conformations. The loss of the hydrogen bond probably leads to a bigger conformational change of the nucleotide binding loop in the inactive conformation of Abl D276 is close to the a-helix C and is involved in orientating the helix (37) . The main effect of the D276G mutation is to destabilize the inactive conformation of Abl (37) . A change in the orientation of the a-helix C is expected to affect only the binding of imatinib and not of SKI-606 because the predicted binding mode of SKI-606 suggests that it does not interact with this region.
The proposed binding mode of SKI-606 agrees with a recently published QSAR study (47) and in-house activity measurements 7 on SKI-606 derivatives. Docking studies on an Abl structure, which is very similar to 1M52 but which contains another ligand (2G2H; ref. 48 ), lead to a nearly identical binding mode to that observed while docking SKI-606 in 1M52.
Discussion
Imatinib treatment of CML patients dramatically changed their clinical course and the prognosis of this disease (3, 49, 50) in what is considered to be one of the major breakthroughs in modern medicine. Although most patients treated in chronic-phase now enjoy durable CCyR (50), most of them remain positive for the presence of Bcr-Abl + cells when tested by PCR (51) . Under these conditions, the emergence of cells where further genetic alterations can cause resistance to imatinib represents a major potential threat. In addition, 10% to 15% of newly diagnosed patients fail to achieve CCyR and 1% to 2% of patients in CCyR lose it every year (50). Most Ph + ALL patients also fail to obtain durable responses with imatinib. For these reasons, the availability of drugs active in cases of resistance to imatinib is highly needed.
SKI-606 is, similarly to dasatinib, a dual Src-Abl inhibitor active against Bcr-Abl + CML cell lines (25) . Our data confirm and expand the initial observation of Golas et al. (25) and investigate the activity of SKI-606 on several models of imatinib resistance. This molecule was tested in imatinib-resistant CML cell lines and BcrAbl transfectants. Because resistance to imatinib is not entirely explained by Bcr-Abl mutations (8, 52) , we also analyzed three human CML lines with resistance to imatinib, which present no Bcr-Abl mutation. SKI-606 maintained activity in all three lines, including one (Lama84R), in which resistance is caused by BCR-ABL gene amplification, and two additional lines (K562R and KCL22R), in which no known mechanism have been identified. The KCL22R line proved to be the less sensitive one, but the IC 50 value obtained (150 nmol/L) is within the concentration range that can be achieved in vivo (53) .
We also selected four clinically relevant mutants of Bcr-Abl to be assayed with SKI-606. These four mutations recapitulate the different mechanisms by which mutations can cause resistance to imatinib: direct contact with the drug (T315I), P loop mutants (Y253F and E255K), and mutations that do not affect the contact with the drug, the P loop or the activation loop, but which cause resistance by shifting the equilibrium among the different 7 Unpublished observation. conformations of Bcr-Abl toward the active conformation (D276G; ref. 8) . The latter class probably encompass the largest number of mutations identified thus far. Using these four mutants, SKI-606 activity was evident on D276G, Y253F, and partly in E255K and was absent in T315I mutants, thus confirming the T315I as the most difficult mutant to tackle. Modelling analysis also allowed us to explain this different sensitivity and to point to a further potential benefit of SKI-606 in comparison with imatinib: its ability to bind the conformational less restrictive intermediate conformation of the protein. To our knowledge, the study presented here is the first to show the different effects on SKI-606 binding of Abl mutations causing resistance to imatinib. SKI-606 activity was also confirmed in vivo in two models. In the first one (s.c. KU812 model in nude mice), complete eradication of the tumor and cure of all animals could be obtained, even in a setting where imatinib was known to be unable to be curative (18) . In the second model, Ba/F3 transfectants were injected in nude mice. In this model, some growth retardation was evident, although no leukemia eradication was achieved. The in vivo activity observed against the E255K mutants, despite the relatively high IC 50 value observed in vitro, can be explained by the possibility that concentrations of SKI-606 sufficient to inhibit this mutation (0.39 Amol/L) can be reached in vivo, in contrast to imatinib, which has a higher IC 50 against this mutant (>3 Amol/L). This model is particularly difficult because no animal could be cured even when using cells transformed with WT Bcr-Abl. Although the in vivo activity reported in the second model was limited against the Bcr-Abl mutations tested, the inherent limitations present in any model do not allow to conclude that the activity in patients with these mutations will be similarly limited.
It is known that imatinib achieves in vivo only a partial inhibition of Bcr-Abl enzymatic activity (4, 33) ; it is also known that Ph + stem cells represent the less sensitive subset of CML cells (54) , probably because of a higher expression of the Bcr-Abl protein (55) . It will be of interest to see if the availability of inhibitors more potent than imatinib, such as SKI-606, will allow a complete inhibition of Bcr-Abl to be obtained in vivo and will lead to greater number of patients to become PCR negative.
At difference with imatinib, no substantial inhibition of KIT and PDGFR was noted with SKI-606, thus placing this molecule in a class of its own (dual Src-Abl inhibitor devoid of activity on receptor tyrosine kinases). This different selectivity could result in fewer side effects than imatinib because many toxicities associated with imatinib (e.g., edema, muscle cramps, skin rash, pigmentation, endocrine abnormalities, and low-grade inhibition of normal hemopoiesis) can be tracked to the inhibition of PDGFR and/or KIT (56) (57) (58) (59) .
Dasatinib (BMS-354825) represents a recently registered dual Src-Abl inhibitor with a profile of activity similar to SKI-606. Dasatinib shows a slightly higher activity against Abl than SKI-606 (Fig. 1A) . The lack of activity against receptors tyrosine kinases differentiates SKI-606 from dasatinib; this fact could render SKI-606 less toxic than dasatinib, including some recently described side effects (19, 21) . In any case, a proper comparison of dasatinib and SKI-606 will require a direct clinical comparison of the two drugs as well as the availability of longer follow-up data on safety and efficacy.
Finally, the extended profile of activity done here allows us to conclude that SKI-606 is a fairly specific inhibitor, with a very limited number of targets outside the Abl and Src families of tyrosine kinase.
In conclusion, the data presented here show that SKI-606 exerts a specific activity against imatinib-resistant Bcr-Abl models. These data indicate that the potential activity of SKI-606 in the treatment of imatinib-resistant CML/Ph + ALL deserves the performance of dedicated phase I-II clinical trials.
